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The intergalactic medium is expected to be at its coldest point before the formation of the first
stars in the universe. Motivated by recent results from the EDGES experiment, we revisit the
standard calculation of the kinetic temperature of the neutral gas through this period. When the
first ultraviolet (UV) sources turn on, photons redshift into the Lyman lines of neutral hydrogen and
repeatedly scatter within the Lyman-α line. They heat the gas via atomic recoils, and, through the
Wouthuysen-Field effect, set the spin temperature of the 21–cm hyperfine (spin-flip) line of atomic
hydrogen in competition with the resonant cosmic microwave background (CMB) photons. We show
that the Lyman-α photons also mediate energy transfer between the CMB photons and the thermal
motions of the hydrogen atoms. In the absence of X-ray heating, this new mechanism is the major
correction to the temperature of the adiabatically cooling gas (∼ 10% at z = 17), and is several
times the size of the heating rate found in previous calculations. We also find that the effect is more
dramatic in non-standard scenarios that either enhance the radio background above the CMB or
invoke new physics to cool the gas in order to explain the EDGES results. The coupling with the
radio background can reduce the depth of the 21–cm absorption feature by almost a factor of two
relative to the case with no sources of heating, and prevent the feature from developing a flattened
bottom. As an inevitable consequence of the UV background that generates the absorption feature,
this heating should be accounted for in any theoretical prediction.
PACS numbers:
I. INTRODUCTION
Within the standard Lambda cold dark matter
(ΛCDM) cosmology, the thermal history of the baryons
can be accurately predicted until the onset of the first
star formation. The baryons kinetically decouple from
the cosmic microwave background (CMB) radiation at
the end of cosmological recombination (at redshift zrec ≈
1100, at which point they are at a temperature of ≈ 3000
K). Compton scattering off the residual free electrons
keeps baryons thermally coupled to the CMB until red-
shifts of z ≈ 150. Subsequently, the neutral gas adiabati-
cally cools as the universe expands; it is expected to reach
a temperature of 9.4 K at z = 20 (6.9 K at z = 17). Both
the epoch of Compton decoupling, and the gas temper-
atures achieved at later times, depend sensitively on the
residual free electron fraction post recombination. The
process of cosmological recombination has been calcu-
lated to . 0.1% level precision [1, 2].
The subsequent evolution of the baryonic temperature
(at z . 20) is believed to have been driven by less well-
constrained astrophysical sources. The ultraviolet (UV)
radiation from the first stars resonantly scatters with the
hydrogen atoms as it redshifts into the Lyman-α line (as
well as other Lyman-series lines) in the expanding Uni-
verse, and moderately heats the gas through atomic re-
coils [3]. The first sources of X-rays heat the gas by
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photo-ionizing it and producing secondaries [4, 5].
Resonant scattering of Lyman-α photons also pumps
the spin-flip (21–cm) transition between the hyper-
fine sub-levels of the ground 1s state—the so-called
Wouthuysen-Field (WF) effect [6, 7]. This process drives
the spin temperature of the transition downward from the
CMB temperature (to which it was previously set, due
to magnetic dipole interactions with resonant 21–cm pho-
tons) toward the gas temperature [3, 8]. Radiative trans-
fer of the CMB photons through the gas produces a char-
acteristic absorption feature, which effectively probes the
UV radiation background and the temperature of the in-
tergalactic medium (IGM) [9–11]. When integrated over
a range of redshifts, this feature leaves a signature in the
global radio background [12].
Recently, the EDGES experiment reported the most
precise measurement to date of the global background
in the 50 − 90 MHz range [13]. After carefully model-
ing their instrumental response in the presence of much
larger foregrounds, they inferred an absorption feature of
amplitude 0.5 K at a frequency of 78 MHz, which corre-
sponds to a redshift of z = 17 for the 21–cm line. The
amplitude and flattened shape of the reported absorp-
tion dip are larger than the expected maximum value of
0.22 K (achieved if the spin temperature equals the gas
temperature), and inconsistent with models of the early
X-ray heating [14].
These results have stimulated renewed interest in the
thermal state of the neutral IGM at redshifts z . 17. The
large absorption feature has been interpreted as a sign
of excess cooling of the gas due to baryon–dark matter
(DM) interactions [15], or of the presence of an excess
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2radio background above the CMB [16, 17]. The flattened
shape of the dip has been interpreted to be due to a lack
of X-ray heating [13].
In this paper, we show that when the spin temperature
of the 21–cm line departs from the brightness tempera-
ture of the radio background, a new source of heating is
activated: resonant radio photons in the vicinity of the
21–cm line indirectly transfer energy to the random mo-
tions of the gas through the energy reservoir associated
with the spin states. This transfer occurs through the
Lyman-α photons; thus, the Lyman-α photons not only
directly supply energy, but also act as a conduit between
the radio background and the gas. We show that the re-
sultant heating rate is substantially higher than the rate
solely due to the Lyman-α photons.
In standard ΛCDM cosmology, the heating due to the
CMB leads to a small correction to the thermal history
and 21–cm absorption feature at cosmic dawn. We con-
sider a few examples of non-standard thermal histories
(such as the ones invoked to explain the EDGES results)
and show that the new heating significantly impacts the
temperature and absorption feature, even in the absence
of X-ray heating. Hence, any attempt to explain the size
and shape of a putative global signal should account for
the additional heating that we compute.
The rest of this paper is organized as follows: Section II
provides a simple intuitive explanation of the new heating
mechanism. Section III contains the detailed calculation
of the effect, including all the relevant microphysical pro-
cesses. Section IV estimates the size of the effect, both in
standard and nonstandard thermal histories. We collect
some technical details about baryon-DM scattering into
Appendix A. Finally, Section V contains our conclusions.
We use the Planck 2015 cosmological parameters [18]
as implemented in the Astropy package [19], and, where
applicable, the standard thermal and ionization histories
computed using the HyRec code [2]. In the rest of the
paper, the phrase ‘CMB heating’ refers to heating by
any radio background in the vicinity of the 21–cm line.
II. SIMPLE EXPLANATION OF THE
MECHANISM
The following energy reservoirs are active in the high
redshift IGM: the thermal motions of the hydrogen atoms
(vth), their spins in the 1s state, the CMB photons, and
the Lyman-α photons (we ignore X-rays in our calcula-
tion). For the purposes of calculating the heat transfer,
these reservoirs are at the kinetic (Tk), spin (Ts), and
CMB (Tγ) temperatures, and the effective Lyman-α color
temperature (Tc), respectively.
1
1 Our usage of ‘temperature’ is an abuse of terminology, since in
thermodynamics, the temperature of a heat bath is defined by
the canonical ensemble according to which its internal degrees
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FIG. 1: Schematic illustration of heat transfer during
cosmic dawn: squares show energy reservoirs (along
with their temperatures) that are coupled by
microphysical processes (indexed by numbers). Arrows
show the direction of heat transfer. The dashed line
indicates that atomic collisions are inefficient. The red
line is our new heating mechanism. Symbols (a), (b),
and (c) label the net diffusive heat loss of the Lyman-α
photons, and the contributions of spin-flips and atomic
recoils, respectively.
Figure 1 schematically shows these energy reservoirs
along with the microphysical processes responsible for
coupling them. The magnetic dipole transitions between
the hyperfine levels due to the CMB photons drive the
spin temperature Ts toward the CMB temperature Tγ .
Spin flips due to collisions between neutral atoms tend
to drive Ts toward the kinetic temperature Tk [20, 21].
Finally, UV photons within the Lyman-α line resonantly
scatter off the neutral hydrogen atoms, and in the pro-
cess, cause two-step transitions between the hyperfine
levels. This process couples three reservoirs together:
when Lyman-α photons scatter off neutral hydrogen
atoms, they exchange energy both with the thermal mo-
tions (vth) due to atomic recoil, as well as with the spins
due to the WF effect (these are the kinetic and spin diffu-
sivities of Ref. [8]). As a result, Lyman-α scattering tends
to drive Ts, Tk, and the Lyman-α color temperature Tc
toward a common value.2
of freedom are populated. The CMB temperature Tγ and the
Lyman-α color temperature Tc are defined from the flux on the
blue side of the 21–cm line (via the Rayleigh-Jeans law) and
the spin flip rate due to Lyman-α scattering, respectively (both
radiation fields need not be thermal).
2 Collisions of neutral hydrogen atoms with free electrons and pro-
tons can also cause spin flips. These are important only at ioniza-
tion fractions xe & 0.01, while at z = 20, xe = 2× 10−4 [22, 23].
3The standard calculation of the spin temperature Ts
balances the rate of spin flips due to all the above pro-
cesses (i.e., the rates of all arms that connect to the
HI spins in Fig. 1. See, e.g., Ref. [26]). From a ther-
modynamic perspective, the HI spins are a poor energy
reservoir that immediately transfers the energy given by
the CMB photons to the Lyman-α photons, who in turn
share it with the thermal motions of the atoms (neglect-
ing collisions; if collisions are active, the energy is parti-
tioned between arms 2 and (b) of Fig. 1).
How much energy can this mechanism transfer to the
gas? The blackbody of the CMB has a large amount
of energy, but only photons within the 21–cm line cause
spin flips. If we consider only the portion of the CMB
that redshifts through the 21–cm line in a Hubble time,
the energy content (in units of temperature per hydrogen
atom) is
∆ECMB
(3/2)nH kB
=
16pi ν321
3nH c3
Tγ = 60 K×
(
1 + z
20
)−2
, (1)
where ν21 = 1.4 GHz and nH is the hydrogen number
density. Only a fraction of order the 21–cm optical depth
τ21 of this energy is absorbed, where
τ21 =
3
32pi
c3nHxHIA21
ν321H
T21
Ts
(2)
≈ 8.1× 10−2 × xHI
(
1 + z
20
)3/2(
10 K
Ts
)
. (3)
Here A21 = 2.86× 10−15 s−1 is the Einstein A-coefficient
of the 21–cm transition. This equation neglects slowly
varying factors of ν/ν21, and assumes that Ts  T21 =
hν21/kB = 68.2 mK. The optical depth is small, but it is
raised by any mechanism that additionally cools the gas.
III. CALCULATION OF THE HEATING RATE
In this section, we present a detailed calculation of the
heating rate due to the CMB photons. We first revisit
previous calculations of Lyman-α heating and identify
the corrections that are needed to incorporate the CMB
heating, which will give us additional physical insight into
the mechanism. We then present a simple alternative
approach, and derive a final equation for the evolution of
the temperature.
The heating due to Lyman-α scattering depends on
the shape of the spectrum distortion in the vicinity of
the Lyman-α line. If we can locally approximate the re-
distribution of photons within the line as a random walk
Repeated scattering within the 21–cm line can also couple three
reservoirs together, similarly to Lyman-α scattering. This pro-
cess has several novel cosmological applications [24, 25], but it is
subdominant due to the low 21–cm optical depth.
in frequency, and assume that scattering is fast relative to
the Hubble rate, we can obtain the Lyman-α spectral dis-
tortion as the steady state solution of the Fokker-Planck
equation [27].
According to the arguments in Ref. [3] (henceforth
CJ04), the continuous energy loss of the photons to the
baryons keeps the Lyman-α distortion at a fixed physi-
cal frequency (instead of simply redshifting away due to
the Hubble expansion). A detailed balance argument re-
lates the net rate of energy loss to the area under the
spectral distortion. This yields the rate of energy trans-
fer in arm (a) of Fig. 1. CJ04 ignore the spin diffusivity
and associated frequency drift (i.e., the up- and down-
scattering of Lyman-α photons due to spin flips), and
hence do not have arm (b) of Fig. 1 in their calculation
of the Lyman-α spectral distortion. Under this approx-
imation, the energy flow to the atoms in arm (c) equals
the energy loss from the Lyman-α photons in arm (a).
However, when the spin and CMB temperatures satisfy
Ts < Tγ , the CMB systematically loses energy to the
spins, and thus it is not consistent to ignore the energy
transfer in arm (b) (which equals that in arm 1). The
resolution of the paradox is that without spin diffusivity,
the color temperature Tc ≈ Tk due to the large Lyman-α
optical depth, and all heating comes from the wings of the
line. When we include spin diffusivity and impose that
Tγ > Tk, we inevitably have Tγ > Ts > Tc > Tk. The
additional heating that arises after the CMB is included
into the consideration of energy conservation comes from
within the Doppler core of the Lyman-α line.
We now show this directly from the Lyman-α spec-
tral distortion. We separately solve for the distortions
sourced by continuum and injected fluxes, which, re-
spectively, describe photons that directly redshift into
the Lyman-α line, and photons that redshift into higher
Lyman-series lines and get reprocessed into Lyman-α
through radiative cascades. Within a small frequency
range around the Lyman-α line, the steady-state Fokker-
Planck equation takes the form
−A(ν)J(ν) +D(ν)∂J(ν)
∂ν
= H νLyα
{
Jc
Ji
∫∞
ν
dν′ ψ(ν′)
.
(4)
Here, J(ν) is the specific photon-number flux (hereafter
flux) at frequency ν in units of cm−2s−1Hz−1Sr−1, A(ν)
and D(ν), respectively, are the frequency drift (includ-
ing Hubble drift) and diffusivity in units of Hz s−1 and
Hz2 s−1, H is the Hubble rate at the redshift of interest,
νLyα = 2466 THz is the Lyman-α frequency, Jc,i are input
continuum and injected fluxes, and ψ(ν) is the probabil-
ity with which photons are injected at frequency ν.
We use kinetic and spin contributions to A(ν) and
D(ν) that incorporate the fine and hyperfine splitting of
the Lyman-α line, provided in Ref. [8] (henceforth H06).
For the injection profile ψ(ν), we assume that cascades
populate the four hyperfine sublevels of 2p according to
their statistical weight. We discretize Eq. (4) and solve
4it using a matrix method.3
The next step is to compute heating rates from the
spectral distortions. We work with the dimensionless
heating efficiency Ek, defined separately for the contin-
uum and injected cases:
Ek = Γk
(3/2)nHHkBTk
∣∣∣∣
Jc,i=J0
, where (5)
J0 =
nHc
4piνLyα
. (6)
Here, Γk is the volumetric heating rate in arm (c) of
Fig. 1, and the flux scale J0 corresponds to one photon
per hydrogen atom.
The heating rate Γk due to any process can be writ-
ten as an integral over the derivative of the line pro-
file weighted by the corresponding diffusivity (see, e.g.,
Ref. [28]). Specializing to atomic recoil, we have
Ek = − 8pi
3nHcHkBTk
×∫
dν hν
∂
∂ν
[
Dk(ν)
{
∂J(ν)
∂ν
+
hJ(ν)
kBTk
}]
, (7)
where Dk(ν) is the kinetic diffusivity.
From the form of the diffusivities in H06, both the
solution of the Fokker-Planck equation and the heating
efficiency depend only on three parameters: the kinetic
and spin temperatures, and the Gunn-Peterson optical
depth
τGP =
3 c3 nH xHI γ
2H ν3Lyα
(8)
≈ 2× 106
(
1 + z
20
)3/2
xHI, (9)
where we have assumed matter domination. xHI is the
neutral fraction, and γ = 50 MHz is the HWHM of the
Lyman-α line.
Figure 2 shows the differential contribution to Ek vs
frequency, computed using Eq. (7), for the case of con-
tinuum photons. It shows two cases: one with (Tk, Ts) =
(7, 7) K (such as would practically always happen if the
WF effect were the only cause of spin flips), and one with
(Tk, Ts) = (7, 15) K, assuming τGP = 1.6 × 106. We see
that in the former case, the heating is dominated by the
extended wings of the Lyman-α line (in agreement with
CJ04), while in the latter, there are large positive and
negative contributions within the Doppler core.
We cannot judge the net heating efficiency from Fig. 2.
It is not advisable to directly integrate Eq. (7), since there
3 Numerical integration of (4) is stable only when done from the
red side of the line. The right boundary condition to apply is
J(−∞) = Jc,i, which can be seen by noting that D(ν) (and the
scattering contribution to A(ν)) vanish far from the Lyman-α
line, where A(ν) = −HνLyα (see H06).
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FIG. 2: Heating within the Lyman-α line: black and
blue curves show the differential heating efficiency (see
Eq. (7)) vs frequency, for equal and unequal kinetic and
spin temperatures, respectively (dashed parts
correspond to negative values). In the first case, heating
comes from the wings of the line, while in the second,
the Doppler core dominates. The inset zooms into the
core; vertical red lines mark the centers of the hyperfine
components of the Lyman-α line. The Gunn-Peterson
optical depth τGP = 1.6× 106.
are large cancellations between the heating and cooling
effects of photons in different parts of the line. A nu-
merically feasible procedure is to perform an integration
by parts. Alternatively, we can add the contribution of
arms (a) and 1 of Fig. 1: this cleanly separates the CMB
contribution, and is valid even when atomic collisions are
active during the dark ages (and the heat fluxes in arm
(b) and 1 are not equal).
The first part is the pure Lyman-α contribution (arm
(a) of Fig. 1), which was calculated in CJ04. Following
their approach, the heating efficiencies for continuum and
injected photons (defined similarly to Eq. (5)) are
ELyα,c = 2h
3kBTk
∫
dν
[
1− J(ν)
Jc
]
, and (10a)
ELyα,i = 2h
3kBTk
∫
dν
[∫ ∞
ν
dν′ ψ(ν′)− J(ν)
Ji
]
. (10b)
Using the above equations, we computed the values of
ELyα,c and ELyα,i over a logarithmically spaced grid of
spin and kinetic temperatures between 0.1 K and 100 K,
and Gunn-Peterson optical depths between 104 and 107.
We use cubic spline interpolation to evaluate the efficien-
cies at general parameter values. The results are not ex-
pected to be accurate at the lowest temperatures because
a) the assumption (made in the scattering line profiles)
that Ts  T21 starts to break down, and b) the change
in frequency during a scattering event can be larger than
the width of the spectral feature, in which case the Fokker
Planck equation does not apply.
5The second part is the heating rate due to the CMB
(arm 1 of Fig. 1). This rate equals the rate of spin
flips multiplied by the energy transferred in each flip,
hν21 = 5.9µ eV. As noted in Sec. II, non-standard ther-
mal histories with colder baryons can have larger 21–cm
optical depths, in which case the spin-flip and heating
rates should be computed accounting for the 21–cm spec-
tral distortion itself.
If we assume that atomic processes are fast relative
to the Hubble rate, the phase-space density f(ν) in the
vicinity of the 21–cm line is
f(ν) =
1
T21
[
Ts + (Tγ − Ts)e−τ21 χ21(ν)
]
, (11)
where χ21(ν) is the cumulative function of the 21–cm line
profile (χ21 goes from zero on the blue side to unity on
the red side), Tγ is the undistorted CMB temperature
on the blue side of the 21cm line, and, as earlier, T21 =
hν21/kB = 68.2 mK. This equation is written under the
same assumptions as Eq. (2) for the optical depth τ21.
We obtain the rate of spin-flips due to the CMB by
averaging over the line profile as follows:
y˙CMB = −A21
[
y − (3− 4y)
∫ 1
0
dχ21(ν) f(ν)
]
, (12)
where y ≈ 3/4 − 3T∗/16Ts is the triplet occupancy (see
Ref. [24]; note the difference in the definition of χ21). The
spin-flip rates due to the WF effect and atomic collisions
are unchanged from those of H06. We substitute the
line profile of Eq. (11) in Eq. (12), and balance the rate
against those of all the other microphysical processes (all
arms connecting to HI spins in Fig. 1). We get a modified
version of the usual equation for the spin temperature:
T−1s =
xCMBT
−1
γ + x˜αT
−1
c + xcT
−1
k
xCMB + x˜α + xc
, where (13)
xCMB =
1
τ21
(
1− e−τ21) , (14)
and the coefficients x˜α and xc, respectively, represent the
rate of spin-flips due to the WF-effect and atomic colli-
sions relative to the rate due to the CMB (at low optical
depth τ21). We use the rates in Ref. [21] to calculate
the coefficient xc. We numerically compute both x˜α and
the effective color temperature Tk from the Lyman-α line
profile, in the same manner as H06. We have checked
that our answers match the fitting formulae of H06 in
the relevant range of parameters.
The brightness temperature ∆Tb against the CMB is
defined from the phase-space density on the red side of
the line in Eq. (11):
∆Tb = xCMB
τ21
1 + z
(Ts − Tγ) . (15)
We derive the heating efficiency due to the CMB from
the spin-flip rate of Eq. (12):
ECMB = ΓCMB
(3/2)nHHkBTk
(16)
=
xHIA21
2H
xCMB
(
Tγ
Ts
− 1
)
T21
Tk
, (17)
where ΓCMB is the volumetric heating rate. The heating
rate in arm (b) of Fig. 1 explicitly depends on the Lyman-
α flux, which is not immediately apparent in Eq. (17).
The dependence on the flux is encoded within the the spin
temperature, through the coefficient x˜α and the color
temperature Ts in Eq. (13).
The evolution of the kinetic temperature Tk depends
on all the heating sources that are active. We add the
heating efficiencies of Lyman-α photons from Eq. (10),
the CMB from Eq. (17), and add an additional Compton
heating efficiency, to obtain the main result of our paper:
(1 + z)
dTk
dz
= 2Tk − 1
(1 + fHe + xe)
×EComp + ∑
r=c,i
ELyα,r Jr
J0
+ ECMB
Tk,
(18)
where Jc,i are the continuum and injected Lyman-α
fluxes, fHe = 0.08 is the helium-to-hydrogen number ra-
tio, and xe = 1 − xHI is the ionization fraction. Note
that all the quantities inside the brackets in the last
term are functions of redshift. Additionally, the Comp-
ton heating efficiency depends on the ionization fraction
xe. Ref. [29] derives the Compton heating rates and the
evolution equation for xe.
IV. RESULTS
A. Standard temperature evolution
To judge the importance of CMB heating, we compute
the temperature evolution for a toy Lyman-α flux model.
We compute spatially averaged Lyman-α fluxes using the
model in Ref. [9] and H06: we generate halos using the
Sheth–Mo–Tormen mass function [30], and form Popula-
tion III stars with an efficiency f? = 0.01 within those
halos that can cool via atomic transitions (Tvir > 10
4
K). We derive the continuum and injected Lyman-α flux
around halos assuming that the sources have blackbody
spectra with temperatures of 105 K.
This model is simplistic in several respects: it does
not include spatial variations in the UV background and
in the kinetic temperature, assumes a constant and rela-
tively large star formation efficiency within halos above a
sharp mass threshold (which is at 2×107M at z = 20),
and sets the baryon fraction within those halos to the
cosmic mean value of 0.16. Hence the results in this sec-
tion should not be taken as predictions of the true values
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FIG. 3: Temperatures vs redshift for standard parameters. All curves include the baseline Compton heating, which
is negligible at these redshifts. Left panel: The red (black) dotted, dashed-dotted, dashed, and solid curves show the
kinetic (spin) temperatures with no heating, only Lyman-α heating, only CMB heating, and both Lyman-α and
CMB heating, respectively. Right panel: Differential brightness temperature against the CMB, ∆Tb.
realized in the early universe, but rather as illustrations
of the size of the CMB heating effect.
Figure 3 shows the evolution of temperatures for
our toy Lyman-α flux model, computed by integrating
Eq. (18). All the curves include the baseline Compton
heating (the efficiency EComp in Eq. (18)), which is small
at the redshift ranges shown. The dotted-dashed and
dashed curves show results with only pure Lyman-α heat-
ing (i.e., Eq. (10)) turned on and only CMB heating (i.e.,
Eq. (17)) turned on, respectively, while the solid curves
show results with all the sources of heating turned on.
Figure 3a shows the kinetic (Tk) and spin (Ts) temper-
atures, while Fig. 3b shows the brightness temperatures
against the CMB (∆Tb) calculated using Eq. (15).
For our toy Lyman-α flux model, and without any ad-
ditional heating, the kinetic and brightness temperatures
at z = 17 (15) are Tk = 7 K (5.6 K) and ∆Tb = −0.18 K
(−0.2 K). The CMB heating alone makes a ' 8.6%
(' 15%) correction to both Tk and ∆Tb at z = 17 (15).
In comparison, Lyman-α heating alone makes a ' 1.3%
(' 5%) correction to both Tk and ∆Tb at z = 17 (15).
We have neglected X-ray heating, which is expected to
be important after the formation of the first sources (see,
e.g., Ref. [4] and CJ04). The amount of X-ray heating is
highly uncertain; in several astrophysical scenarios con-
sidered in the literature (see, e.g., Ref. [14]), X-ray heat-
ing would dominate all the sources of heating considered
in this paper. Hence the calculations in this paper should
be important only in the absence of any significant X-ray
heating.
B. Non-standard temperature evolution
Several recent papers have explored modifications to
the standard temperature evolution to explain the large
amplitude of the absorption dip reported by EDGES [15–
17, 31–34]. In the limit of low values of the 21–cm op-
tical depth τ21, the brightness temperature as given by
Eq. (15) depends on the temperatures only through the
combination (1−Tγ/Ts). In standard ΛCDM cosmology,
at this redshift, the temperatures satisfy Tγ > Ts > Tk.
Modifications that increase the size of the dip do so by
either reducing Tk (and hence Ts) [15, 31–34], or increas-
ing Tγ [16, 17] (note that Tγ here is the Rayleigh-Jeans
brightness temperature on the blue side of the 21–cm
line, and not necessarily the blackbody temperature of
the CMB).
We will illustrate the effect of CMB heating within
both kinds of scenarios. In each case, we use the same
model for the Lyman-α flux as was used in Sec. IV A.
We use these examples to demonstrate the importance
of CMB heating in non-standard thermal histories.
The first test case is the milli-charged dark matter
model, in which a fraction of the DM has a small effective
electric charge and interacts with the ionized part of the
baryons. In this model, the interaction cross section be-
tween the DM and a charged target t is σt = σ0,t(vt/c)
−4.
This model is already severely constrained by a number
of astrophysical and laboratory experiments; current es-
timates that include the EDGES results as a constraint
(but do not include CMB heating, nor any models for the
Lyman-α flux) allow for a charged fraction of fDM ∼ 1%
for DM particle masses in the range 10−80 MeV [31–33].
The additional cooling depends on the bulk relative
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FIG. 4: Non-standard temperature evolution. Left and right panels in each row are as in Fig. 3. The modifications
are as follows. Top row: Baryon-dark matter (χ) interactions with mχ = 10 MeV, and a fraction fDM = 0.02 of the
DM having charge  = 10−5, in a local patch with Vχb = 0. Lower row: Radio background that boosts the CMB
brightness temperature on the blue side of the 21–cm line, Tγ , by a factor of 3.5
velocity between baryons and DM, Vχb [35]. Appendix A
presents our equations for the evolution of Vχb, and the
additional cooling efficiency due to the DM. As a concrete
example, we consider the case where the charged DM
particle is a Dirac fermion. In this case, we also include
the extra heating due to the annihilation to standard
model fermions [36].
Figures 4a and 4b show the evolution of the spin and
kinetic temperatures, and the 21–cm brightness temper-
ature, respectively. The figure presents results within a
patch with Vχb = 0, for DM mass mχ = 10 MeV, charge
(in units of the electron charge)  = 10−5, and charged
fraction fDM = 0.02. For these parameters, the char-
acteristic cross sections (σ0,e, σ0,p) = (3 × 10−33, 7.3 ×
10−36) cm2 (up to a logarithmic redshift dependence due
to the cutoff in the momentum transfer).
After recombination, at the redshift of decoupling, the
relative velocity between the bulk of the DM and the
baryons is coherent on ∼ 100 Mpc scales and has an RMS
value of 29 km s−1 [37]. However, given the masses and
cross sections in Figs. 4a and 4b, the charged fraction of
the DM can be strongly coupled with the baryons prior to
recombination [34]. We checked that the relative velocity
between these components is damped at higher redshifts,
and that the answer is not extremely sensitive to the
value of Vχb used.
Similar to Fig. 3, all curves include the baseline Comp-
ton heating. For these parameters, without any addi-
tional heating, the kinetic and brightness temperatures
at z = 17 (15) are Tk = 2.3 K (1.8 K) and ∆Tb = −0.5 K
8(−0.6 K). The CMB heating alone makes a ' 37%
(' 70%) correction to Tk and a ' 24 % (' 38 %) cor-
rection to ∆Tb at z = 17 (15). In contrast, the pure
Lyman-α heating alone makes a ' 3% (' 11%) correc-
tion to Tk and a ' 2.6% (' 9%) correction to ∆Tb at
z = 17 (15).
The second class of modifications have an additional
radio background above the CMB near the 21–cm, due
to which the brightness temperature Tγ > TCMB =
2.7255 K (1 + z) (an example is the extra radio back-
ground from black holes proposed in Ref. [17]). These
models are not easily described by a few parameters, so
to illustrate the correction, we will consider a model in
which the value of Tγ is simply boosted by a constant
factor.
Figures 4c and 4d show the results when Tγ is 3.5 times
its value in the standard ΛCDM cosmology. In this case,
without any additional heating, the kinetic and bright-
ness temperatures at z = 17 (15) are Tk = 7 K (5.6 K)
and ∆Tb = −0.5 K (−0.65 K). The CMB heating alone
makes a ' 19% (' 45%) correction to Tk and a ' 15%
(' 30%) correction to ∆Tb at z = 17 (15). This is to be
compared to the correction of ' 1.3% (' 5%) to Tk and
∆Tb at z = 17 (15) due to pure Lyman-α heating alone.
In both the non-standard scenarios, the CMB heating
dominates the pure Lyman-α heating, and substantially
suppresses the amplitude of the 21–cm absorption dip.
As in Sec. IV A, we have neglected any heating by early
sources of X-rays. From Figs. 4a and 4c, we also see
that the effect of the CMB or the radio background is to
heat the gas in a gradual manner. Even if the Lyman-
α flux were large enough to set Ts ≈ Tk and all X-ray
heating were turned off (as has been assumed in all the
calculations of the non-standard scenarios), CMB heating
would produce an absorption feature whose slope varies
smoothly with frequency.
V. CONCLUSIONS
Previous work has shown that Lyman-α photons re-
peatedly scatter off neutral hydrogen and moderately
heat the gas through atomic recoils. We have shown that
HI spins and Lyman-α photons act as mediators between
the radio background and the random thermal motions
of the HI atoms, and hence cause an extra heating of the
IGM during cosmic dawn that has been neglected in pre-
vious calculations. Ultimately, this energy comes from
the radio photons in the vicinity of the 21–cm transition
line. The detailed heating rate depends on the differ-
ence between the spin and radio brightness temperatures,
which in turn depends on the Lyman-α flux. Within a
simplified model of the UV background, and with the ra-
dio background given by the CMB, we estimate that the
additional heating is several times more efficient than the
pure Lyman-α heating that was previously calculated.
The CMB heating we have computed is an inevitable
consequence of a UV background. It is the dominant
physical process that modifies the thermal evolution of
the IGM before the onset of X-ray heating from astro-
physical sources. As such, this effect cannot be ignored
in any explanation of the anomalously large absorption
dip reported by the EDGES experiment.
We use the same simplified UV background model as
in the standard case to illustrate the size of the heat-
ing (rather than assuming that the Lyman-α flux is ex-
tremely large, which is astrophysically hard to achieve),
and consider two examples of non-standard temperature
histories: a milli-charged dark matter scenario, and one
with an extra radio background above the CMB in the
wavelength range of the 21–cm transition. We find that
in both scenarios, the new heating is dominant over the
pure Lyman-α heating, and substantially reduces the size
of the absorption dip (at the factor of two level).
This heating can have two important consequences:
firstly, models such as milli-charged dark matter have a
very small parameter range that is viable in order to ex-
plain the EDGES results, and hence the constraints can
be strongly affected [33, 34]. Secondly, the flat-bottomed
shape of the inferred absorption feature has been inter-
preted as the sign of delayed X-ray heating [13]. The
heating due to the radio background gradually changes
the kinetic temperature of the gas, and thus tends to
produce a smoother absorption feature.
We do not explore the quantitative changes to the DM
constraints or to the shape of the absorption feature,
since these necessarily require detailed modeling of the
UV background and the fluctuations in the gas temper-
ature (such as the work in Ref. [38]) which is beyond the
scope of this paper. Tabulated values of the Lyman-α
heating efficiencies (to be used in Eq. (18)), Wouthuysen-
Field coupling coefficients, and color temperatures can be
found at https://github.com/ntveem/lyaheating.
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Appendix A: Baryon-dark matter scattering
In this section, we write down the equations for the
thermal evolution of a local patch of the universe in
the presence of baryon-dark matter scattering. A de-
tailed derivation of the energy exchanges, starting from
the microphysics, was presented in Ref. [35] (henceforth,
9MKA15). However, they assumed that the DM scatters
off all particles (i.e., even the neutral ones) and set the
Helium fraction to zero.
In what follows, the symbol χ labels the DM particle.
Our equations are written under the following assump-
tions:
1. The DM does not interact with the neutral compo-
nent of the matter, i.e., its interaction with atomic
dipole moments is negligible.
2. The interactions between the charged components
and the rest of the matter (and within the rest of
the matter) are large enough to keep all baryonic
components at a common velocity and tempera-
ture.
3. A fraction fDM < 1 of the DM has a nonzero and
small electric charge, and this part does not interact
with the neutral fraction.
4. The charged component is a Fermion with mass
mχ > 1 MeV, and the positively and neg-
atively charged components have particle–anti-
particle asymmetry.
Our aim is not to survey all possible dark matter models,
so we pick one model to illustrate the effect of the CMB
heating.
Charged DM particles scatter off ionized targets (in-
dexed by t, which runs over electrons and protons) with
a Rutherford-like cross section
σt = σ0,t (vt/c)
−4, where (A1)
σ0,t =
2pi α2EM 
2 ξ ~2
µ2t,χ c
2
(A2)
= 5.7× 10−33 cm2
( 
10−5
)2 ( µt,χ
0.5 MeV
)−2( ξ
100
)
.
(A3)
Here µt,χ = mχmt/(mχ + mt) is the reduced mass,  is
the charge of the DM in units of that of the electron, and
ξ is a factor that depends logarithmically on the cutoff
in the momentum-transfer cross section [31, 36]. Note
that the normalizations for different targets are related
by σ0,t ∝ µ−2t,χ. Due to the small values of the DM charge,
we can neglect the Compton scattering with the CMB
photons.
From the second assumption above, the equation of
momentum conservation within a local patch is
fDM ρχ
∂Vχ
∂t
∣∣∣∣
s
+ ρb
∂Vb
∂t
∣∣∣∣
s
= 0, (A4)
where ρχ,b and Vχ,b are the mass density and bulk veloc-
ities of the DM and baryons, respectively (Note that Vχ
is the velocity of the charged component of the DM). The
subscript s indicates that this is the contribution due to
scattering. From Eq. (A4), the relative velocity between
the charged DM and the baryons evolves according to
∂Vχb
∂t
∣∣∣∣
s
=
(
1 + fDM
ρχ
ρb
)
∂Vχ
∂t
∣∣∣∣
s
. (A5)
MKA15 derive an expression for ∂Vχ/∂t. Specializing to
the case where only a subset of the baryons scatters,
∂Vχ
∂t
∣∣∣∣
s
= −
∫
d3vχ fχ(vχ)
∑
t
ρt
mt +mχ
×∫
d3vt ft(vt) (vχ − vt)|vχ − vt|σ¯t, (A6)
where vχ,t are the microscopic velocities, the f(v)s are
the velocity distribution functions, and σ¯t is the momen-
tum transfer cross section. We substitute Eq. (A6) in
Eq. (A5), and use the integrals over the velocity distri-
butions computed in MKA15 to obtain
∂Vχb
∂t
∣∣∣∣
s
= −
(
1 + fDM
ρχ
ρb
)
1
V 2χb
×
∑
t
ρtσ0,t c
4
mt +mχ
F
(
rt ≡ Vχb
uth,t
)
, where (A7)
u2th,t =
kB Tk
mt
+
kB Tχ
mχ
, and (A8)
F (r) = erf
(
r√
2
)
−
√
2
pi
r e−r
2/2. (A9)
Here Tχ is the temperature of the charged component of
the dark matter, and from assumption 2 above, all the
targets are at the common temperature Tk. Letting the
index t run over electrons and protons, we have
∂Vχb
∂t
∣∣∣∣
s
= −
(
1 + fDM
ρχ
ρb
)
c4nHxe
V 2χb
×[
meσ0,e
me +mχ
F (re) +
mHσ0,p
mH +mχ
F (rp)
]
. (A10)
The relative velocity evolves with redshift according to
(1 + z)
dVχb
dz
= Vχb − 1
H
∂Vχb
∂t
∣∣∣∣
s
. (A11)
We read off the heating rate per particle for each target
‘t’ from the appendix of MKA15
∂qt
∂t
∣∣∣∣
s
= fDMnχ
mtmχσ0,t c
4
(mχ +mt)2u3th,t
×[√
2
pi
(kB Tχ − kB Tk) e−r2t /2 +mχu2th,t
F (rt)
rt
]
,
(A12)
where nχ = ρχ/mχ is the number density of DM parti-
cles. The net heating rate per unit volume can be con-
verted into an efficiency in exactly the same manner as
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in Eq. (16):
EDM,s = 1
(3/2)nHHkBTk
∑
t
nt
∂qt
∂t
(A13)
=
2
3
xefDMnχ
H
∑
t=e,p
mtmχσ0,tc
4
(mχ +mt)2u3th,t
×[√
2
pi
(
Tχ
Tk
− 1
)
e−r
2
t /2 +
mχu
2
th,t
kBTk
F (rt)
rt
]
.
(A14)
We have restored CGS units in the above equation.
The heating rate of the charged component of the DM,
in units of erg s−1 per particle, equals
∂qχ
∂t
= nHxe
∑
t=e,p
mχmtσ0,tc
4
(mχ +mt)2u3th,t
×[√
2
pi
kB(Tk − Tχ) e−r2t /2 +mtu2th,t
F (rt)
rt
]
.
(A15)
The DM temperature Tχ evolves with redshift according
to
(1 + z)
dTχ
dz
= 2Tχ − 1
(3/2) kBH
∂qχ
∂t
. (A16)
Due to assumption 4 above, and for the relevant range
of masses, the millicharged DM particles also annihilate
into e±. The velocity-averaged annihilation cross section
is [36]
〈σavrel〉 = σ0,e c
µ2χ,e
2ξm2χ
√
1− m
2
e
m2χ
(
1 +
m2e
2m2χ
)
. (A17)
In principle, we should include a Sommerfeld enhance-
ment correction. The correction starts becoming impor-
tant only when piαEM
2(mχ c
2/4 kB Tχ)
1/2 ' 1, which is
never achieved for parameters of interest.
Pair annihilation is inefficient in depleting the DM at
low redshifts. However, each annihilation releases an
amount of energy that is large compared to the aver-
age energy per particle during cosmic dawn, so in princi-
ple we should include an additional heating. If we have
mχ  max(me, kB Tχ/c2), then the dominant source of
energy is the rest mass of the DM particles, which con-
verts mostly into the kinetic energy of the electrons and
then thermalize locally.
The heating efficiency due to DM annihilation is
EDM,a =
f2DMn
2
χ〈σavrel〉mχc2
3nHHkBTk
(A18)
≈ 5.6× 10−3
(
fDM
10−2
)2 ( 
10−5
)2 ( mχ
10 MeV
)−3
×(
Tk
7 K
)−1(
1 + z
18
)3/2√
1− m
2
e
m2χ
(
1 +
m2e
2m2χ
)
.
(A19)
When computing the evolution of Tk, we just add the
terms in Eqs. (A14) and (A18) inside the brackets in
Eq. (18). Apart from a factor of two in Eq. (A18) and an
additional square root in Eq. (A17), our final equations
are identical to those in Ref. [34].
What are the appropriate boundary conditions for in-
tegrating Eqs. (A11) and (A16)? MKA15 start their in-
tegrations at the redshift of kinetic decoupling, z = 1010,
where they take Tχ = 0 and sample Vχb from the ΛCDM
distribution. This procedure is valid at the low values of
the cross sections they considered (σ0,t ∼ 10−41 cm2),
while the typical values used to explain the EDGES
results are much larger. For such cross sections, the
temperature of the DM can satisfy Tχ ≈ Tk at higher
redshifts, and the relative velocity Vχb can be quickly
damped, so that the fraction of charged DM effectively
behaves like an extra baryonic component (this is the
strong-coupling regime of Ref. [34]). For the parameters
considered in the main text, we start integrations with
Tχ = 0 at a sufficiently high redshift before recombina-
tion, at which point Tχ is quickly set to ≈ Tk. Note also
that the coupled differential equations, (A11) and (A16),
can be stiff during the epoch of decoupling of the DM,
and thus must be integrated with care.
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